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I. 
\

INTR ODUCTIO N

~~
1
~
’The influence of reagent vibrational energy on the rate of chemi-

cal reactions is the subject of a great deal of interest.~~~ It is of
• special importance to laser enhanced reactions,~~~ abnospheric reac-

tions under disturbed conditions and combustion processes in general.
. 4-8Recent studies ,,have demonstrated rate accelerations of several

orders of magnitude when one of the collision partners is vibrationally
A ~~O~St 0

excited. The reaction 0 + H~ (v=l) ,u3OH + H has recently received
attention because of its importance in modeling IR radiation in certain
rocket plumes.~~Birely et al~ have set an experimental upper bound on

the rate for this /reaction, and Light9 is currently measuring the actual
rate. 

~~~~~~~

We report here the results~
A
of an extensive classical trajectory

study of the reaction of atomic oxygen with both H~ (v O) and H~(v l)
using an LEPS potential energy surface. In addition to determining
the rates for these reactions, we—hare l~-dlate4-the branching ratio i~ c~ikuia 1
for the production of OH(v’=l) and OH(v’=O) when Ft~ (v=l) is the reactant.

II. POTENTIA L ENERGY SURFACE

The potential energy surface used in these calculations was an

LEPS function 1° with a single adjustable Sato parameter. The Sato

parameter was adjusted by trial and error so that the computed rate
— 

I 
constant of the reaction 0 + H2 

—
~~ OH + H would approximately equal

the experimentally observed rate at a particular temperature. We are
pr imarily interested in low temperature results. At 320 °K, Campbell
and Thrush 11 measured the rate constant to be k = (2.0 ± 0.16) x io _ 17

cm3 molecule ’ sec ’. In a very recent set of low temperature
-

• measurements froth 347 to 742 °K , Dubinsky and McKenney12 state that

their results extrapolate to within 11 percent of the Campbell and Thrush

value. The actual extrapolated value , using their Arrhenius par ameters,
is k = 1.77 x 10~~~ cm3 molecule 1 sec ’. The value of k calculated
from the Leeds fo rniula13 at this temperature is k = 0.8 X 10~~~ cm 3

-9-
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molecule~~ sec~~~. This is probably too low, while the Campbell and
Thrush point may be somewhat high. The value of the Sato parameter ,

adjusted to make the calculated k fall somewhere between these limits,

is ~ = 0.0885. The calculated rate constant, using this value , is k = 1.4
-17 .... -l  -l .x 10 cm molecule sec . This rate was computed with H

2 
in the

v = 0 state. This is valid , since contributions of the v = 1 state to the
rate is negligible for temperatures less than l000 °K. -

A complete list of the LEPS potential parameters is given in
Table I. A contour plot of this potential for the collinear configuration
is shown in Figure 1. The min imum energy path profile is displayed
in Figure 2. The reaction barrier along this path is 12. 5 kcal/mole
with respect to the reactants channel. Also indicated in Figure 2 are
the energies for the zero~~ and f i rs t  vibrational levels of both products
and reactants. The barrier height is significantly above the experi-
mental activation of 8. 9 kcal/rnole. Of course by adjusting the surface
to reproduce the experimental rate , we have, to some extent , incorpor—
ated the effects of zero point energy differences and tunneling into our
semiempirical surface.

Ill. COMPU TATIONA L PROCEDURE

A slightly modified version of Muckerznan t s classical trajectory

• program CLASTR 14 was used to compute the state -to-state reactive
cross sections. The modification we made consisted of changing the
method of choosing the impact parameters. Following a suggestion of
Porter ,17 the values of the impact paramete r, b were restricted to
the discrete set tha t corresponds to integral values of the orbital angular
momentum quantum number I. Accordingly,

b
1 

= 2~~~)
_
~~’2 

(I + 1/2 ) ,  (1)

where ~ is the reduced mass of the system and E is the initial relative
translational energy. The state-to-state reactive cross section is then
given by

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —
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Table I

Potential Parameters Used in the LEPS Surface for the O_H
a

_H
b Sy stem

Parameter O~ Ha H~~ Hb O~ Hb

~ (A~~) 2 .294  1.942 2.294

De (kc al/mole) 106. 6 109. 4 106. 6

r0 (A) 0. 9706 0. 7417 0. 9706

0.0885 0.0885 0. 0885

— i i —
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- 1.0 1.2 1.4 1.6 1.8
- OH DISTANCE (A)

Figure 1. Contour map of the LEPS potential energy surface for the
0 + H

2 
system in the colinear configuration. The saddle

point marked by the symbol + occurs at 0-H = 1. 118A and
H-H = 0. 953A.
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REACTION COORDINATE (A)

Figure 2. Schematic diagram of the energy along the minimum energy
path on the potential surface shown in Figure 1. Also indi-
ca ted are the energy levels of the zero~~ and firs t vibrat ional
levels of both products and reactants.
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1max

a0 (v , J , v’ ; E) = ( rTtl2 /2 p.E) 

~~ 

(21 + 1) P(v , J , vt , b1; E) (2)

where v and J are the initial vibration and rotation quantum numbers

and v’ is the final vibration quantum number. (The final rotation

state s were not distinguished in these calculations.) The probab ility,

P(v , J, v’ , b1; E), is the ratio of the number of reactive trajectories

that terminate in the vibration state v’ to the number that started in

the initial state specified by v, J , and b1 The I values are varied in

• unit steps from 0 to I , while the remaining initial condi tions weremax
randomly selected by a Monte Carlo procedure. The most convenient
method for determining ! is to select a maximum impact parametermax
b a and then compute 1max as the nearest  integ ral solution of Eq. (1).

• The value of b is determined by trajectory calculations to be themax
smallest impact parameter for which no reaction occurs.

• Assuming the translation and rotation degrees of freedom are in
thermal equilibrium at a temperature T , the rate constant from a
specific vibrational state of the reactant is computed from the equation

k(v, T) = f(T) ~~ g~ (2J + 1) exp(E~ ~/k T)
J

00 
(3)

x (8kT/~i~ )~~
2 ( l/k T)2/a(vi J; E) exp(-E/kT) EdE

}

where E~~j  is the vibration-rotation energy of the reactant molecule,

g~ is th e s tat is t ical weight of the rotation state J (in the case of H2,
g~ = 1 for even J and g~ = 3 for odd J), Q is the rotational partition
function , f(T) is the probability that the system is initially on an
electronic surface on which the reaction can occur (multiple surface
coeff icient 18’19 ) and a(v , J; E) is the reaction cross section summed
over final vibration state s

-14- 
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~ (v, J; E) ~~ ~0 (v, J , v’; E). (4)
VI

In order to carry out the integration in Eq. (3) and also to help ave rag e
out statistical errors , the computed cross section points are fitted by

— least squares to the function

0 E�E th (v,J)

cr (v, J; E) = • (5)
4

~~ A ( v , J) [E~~ - E~~’(v, J)] E >  Eth (v, J).
n 0

This is substituted into Eq. (3) which is then evaluated numerically.
The threshold energy, Eth (v , J),  is determ ined by fitting a straight line
to the lowest few cross section points and extrapolating to zero cross
section.

IV. RESULTS AND DISCUSSION -

A total of ten reactive cross section curve s, cT(v, J; E) vs. E ,
corresponding to the initial quantum numbers v = 0, 1 and J = 0, 1, 2 ,
3 and 4, were computed for the reaction 0 + H2 (v, J )— * OH + H. About

300 trajectories were calculated for each cross section point. The
coefficient s A~ (V~ J) along with the threshold energies E~h(v, J), which
when substituted into Eq. (5) provide a good fit to the calculated cross
sec t ions , are listed in Table II, and the curve s are displayed graphically
in Figure 3.

As stated above , f(T) is the probability that the system is initially
on an electronic surface that will allow a reaction to occur. The
initial state of the reactants is O(3P) + H2 (~E~). If spin-orbit forces
are neglected this s tate is ninefold degenerate and correlates with —

both and ~i-r states of a linear complex. The products OH(2ir) + H(2S)
correlate with and 3rr states. Thus , the linear complex, which

-15- 

~~-•~~~~~ ~~~~
- 

- ~~-—- ~~~~-_ ‘
,•.~~~~~ —~~- ~~- •• ~~~ • - — - • -—-—~~~~ ~~~~~- —- - -~“. —•——-~~~



~ 
~~~~~~~~~~ ~~~~~~~~~~~ 

-• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _ _  •

• Table II
- a

Coefficients and Threshold Energies for a(v, J; E)

v 3 A 1 A 2 A 3 Eth
b

0 0 -122.460 1040.80 -2968.50 8.40

0 1 - 89. 974 680.39 -1740.80 8. 40

o z -157.280 1418.30 -4416.20 8.60

0 3 - 88.781 562.99 -1152.70 7.70

0 4 - 71.766 320.91 - 219.81 8.03

1 0 - 52.308 193.32 - 241.11 3.48

1 1 - 36.404 106.59 - 101.78 3.39

1 2 - 47. 882 137.45 - 125.36 3.53

1 3 - 39. 533 77.44 - 6.06 3. 90

1 4 - 47.327 127.71 - 87.17 4. 05

aThe coefficients A~ in Eq. (5) are such that the unite of a(v, J; E) are

angstroms2 and the unit of energy is kcal/mole.

b1 units of kcal/mole.

$ 
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0 2 8 14 20
ENERGY (kcal/mole)

Figure 3. A plot of the reactive cross sections a(v, J; E). The numbers
$ labeling each curve are the rotational quantum number J; the

set of curve s with threshold near 4. 0 correspond to the vibra-
tional quantum number v = 1 and the set with threshold near
8. 5 correspond to v = 0. These curve s are a plot of the analy-
tic fit , i. e., Eq. (5), usIng the coefficients listed in Table II.
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has six states , correlates with both products and reactants. This
$ 

simple analysis indicates that six of the nine initial states correlate
with the products y ielding f(T) = 6/9. This approximation is adequate

at high temperature, but at low temperatures the splitting of the
initial state by spin-orbit forces becomes important. The 3~ state
splits into three energy levels. The lowest level , 3P2, is fivefold
degenerate , and all five states correlate with the ground state of the
products. The next level is 3P1, which is 158. 5 cm~~ higher in energy
and is threefold degenerate. One of these states correlates directly
with the ground state of the products, and we assume that the reaction

$ 

can occur on this surface but cannot occur on the other two surfaces.
Finally, the 3P0 state, which is 226. 5 cm~~ above the lowest state ,
does not lead to the ground state of the products. Assuming this sun-
pie model and the Boltzman probability of occupying the three levels,
we obtain the formula

f(T) = [5 + exp(-228/T)}/ [5 + 3 exp(-228/T) + exp(-326/T)]. (6)

This function varies between 1 and 2/3 as we go from low to high
temperatures. Westenburg and de Haas2° used the high temperature
value of 2/3  in their absolute rate theory calculations. In the temper-
ature rang e of inte rest for our calculations , 298 - l000 °K , f(T) varie s
from 0. 81 to 0. 71.

The calculated rate constants k(v=0 , T) and k(v 1, T) are dis-
$ played graphically in an Arrhenius plot in Figure 4, and selected po ints

are listed in Table III. [From now on k(v=0 , T) will be simply desig-
nated as k, and k(v 1, T) will be designated kt .] In the temperature
rang e 298-l000 °K these rates are fit  very well by the nonlinear
Arrhenius formulas

k = 2. 8lT x io .14 exp(-4279/T) (7)

and

-18- 
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Table III

Computed Results at Selected Temperatures

T k k t k t /k r
‘$1 I

298 4~ 9 (~~~~)a 2.7 ( 14)a 5465 4. 4

300 5.4 (-18) 2.8 (-14) 5173 4.4

320 1.4 (-17) 4.4 (-14) 3107 4.2

350 4.8 (- 17) 7.8 (-14) 1617 4.0

400 2.5 (-16) 1.7 (-13) 680 3.7

- 450 9.3 (-16) 3.2 (-13) 348 3.6

500 2 .7  (-15) 5.5 (-13) 204 3.4

700 4.3 (- 14) 2.3 (-12) 52 3.0

1000 3.9 (-13) 7.3 (-12) 19 2.8

aThe un its of k and kt are cm3 molecule 1 sec~~. The number in
$ 

parenthesis is the power of 10.

- 19-
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k t 
= 4.65T x 10 14 exp(-1868/T) (8)

where the units are cm3 molecule ’ sec ’.

Birely et al. 1 have set an uppe r bound on k~ of lO
_ 13 cm3 moLecule~~

sec~
1 at 300 °K. Our value at this temperature ii 2.8 x iO 14 cm3

molecule
1 
sec

1. This upper bound ii 3. 6 time s larger than our

computed value. Birely has also set an upper bound on the ratio;

~ 3.8 x 1O4. Our value for thie ratio at 300 °K is kt /k = 5.2 X 10
g
.

Birely’s ratio was calculated using the extrapolated Leeds data 13 for his

value of k at 300 °K, whereas our results are computed us ing the higher

calculated value of k at this temperature. Values of our computed ratio

at selected temperatures are listed in Table III. A good fit is g iven by

the formula

kt/k = 1.65 exp(24l1/T) (9)

The branching ratio r was calculated for the case in which H2 is

initially in the v = 1 state. This quantity is by definition equal to ratio

of the state-to-state rate constants, k(v l, v’l ;  T)/k(v=1 , v’O; T).

These rate constants were evaluated by the same method used previously,

i .e . ,  the computed state -to-state cross sections ~0(v , 3, v’; E) were fit
to the function (5), then the rate s were evaluated by integrating Eq. (3)

with a(v , J; E) replaced by a0(v, 3, v’ ; E). Branching ratio values at

selected temperatures are listed in Tabl e III. These points can be fit

quite well to the formula

F = 2. 3 exp(l96/T) ( 10)

The value of the branching ratio is sensitive to the method used

t to determine the final vibration quantum numbe r v’. The method used

in these calculations is the quasiclassical trajectory histogram method

in which v’ + 1/2 is calculated 1
~~ as a continuous variable and then

rounded to the nearest integer. This could probably be improved on by

I~&-~~
_ -20-
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using the recently proposed methods of Truhiar and Duff 2) and of

Bowman and Leasure.22

Experiments are in progress9 to measure the rate k t and the $

branching ratio F at 300 °K. The results are still be ing analyzed , so

we cannot yet give a comparison of calculated and experimental values.

A great number of experimental measurements of k by a variety

of methods and over a wide temperature range have been carried out. 12 , 13,23

From an evaluation of selected high and low temperature measurements,

the Leeds group (Baulch et a]. ) 13 have recommended the expression

k = 3 x l0~~~ Texp(-4480/T) cm
3 molecule ’ sec~~ in the temperature

range 400-2000°K. Several authors12’23 have recently expressed the

opinion that this formula does not show quite enough curvature; in

particular, it underestimates the rate at low temperatures. It is

plotted as the dashed curve in Figure 4. Our calculated results lie
above on the solid curve labeled v = 0. The Campbell and Thrush point

is also plotted in this figure. At 500 °K the calculated k is large r than
the Leeds value by a factor of 1.4 and at l000°K the factor is 1.15.

The greatest source of uncertainty in the reliability of the calcu- -$

lated results is our lack of detailed information about the potential

surface. Our choice of the simple LEPS function is a f i rs t  approxima-
tion consistent with our limited knowledge of the interatom ic potential.
At the present time we have no good reason for choosing any other

potential; however, it is useful to have some idea of the effect that
certain changes in the shape of the potential can have on the computed

• rates.

The extended LEPS function 24 is a more flexible surface with three
adjustable (Sato) parameters. Two of these parameters will be equal
due to the symmetry of the potential with respect to interchanging the
hydrogen atoms. This leave s two quantitie s to adjust which allows us ,

within certa in limits , to control both the position and height of the
energy barrier independently. The effect of changing the barrier posi-
tion was studied by Polanyi et al. 25-27 Their results show that for
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Figure 4. Rate constants , k(v , T), for the reaction 0 + H2(v) —. 0H + H
where v is the vibrational quantum number of H2. The dashed
line is a plot of the rate k = ~~~. 0 x iO 14 Texp(-4480/T), recoin-

$ mended by the Leeds group) Also shown are the experimental
rate (•) of Campbell and Thrush11 and the experimental upper

$ bound (X) establ ished by Birely et al.1
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endotherm ic reac t ions , moving the barrier into the exit valley of the
$ 

potential surface increased the effectiveness of the vibrational energy
in promoting reactions. In a preliminary set of calculations we yen -
fled these general conclusions for this reaction. The Sato parameters
of the extended LEPS surface were adjus ted (to 

~0H = 0. 14 and =

0. 03025) so that the barrier height was the same (12. 5 kcal/mole) but
moved further into the exit valley (0-H = 1. 07A and H-H = 1. 03A corn.-
pared to 0-H = 1. 12 and H-H = 0. 95 in our original surface). The
resul ts showed a small increase in the v = 0 reactive cross sections
(about 10 percent for J = 1 at 10 kcal/rnole) and a rather substantial
increase in the v = 1 reactive cross section (about 300 percent for J = 1
at 6 kcal/mole) along with a lowering of the threshold energy . Seve ral
other cross sections were also calculated with results of a s imilar
order. The conclusion is that both k and k t increase as the bar rier

move s into the exit valley with the change in kt large compared to the
change in k.

Clearly, fu rther work is required , es pecially with regard to the
potential surface. An ab-initio calculation of the 0 + H2 reac t ion sur-
face 28 indicates th e barrier pos it ion is slightly more into the reactant
channel (0-H = 1. l5A and H-H z 0. 85A) than the LEPS surface used
here . This would tend to diminish the vibrational acceleration. In
order to mo re accurately determine this effect , we anticipate carrying
out a new set of trajectory calculations using the ab - initio surface when

• - $ it is completed.

-23-

_ _ _ _ _ _  - - - -



- -—~~~~~~~~~~~ ———~~ -——-~~~~ -- - $

r~ 

-

~~~~~~~

--

~~~~

—-
~~~~~~~ 

-
~~~
—-- 

- 

-

References

1. J. H. Birely, J. V. V. Kasper , F. Hai and L. A. Darnton,
Chem. Phys. Lett. 31, 220 (1975).

2. 3. H. Birely, J. Photo. Chem. 4, 269 ( 1975).

3. V. S. Letokhov, Science 180, 451 (1973).

4. W. Braun , M. 3. Kurylo, A. Kalder and R. P. Wayne , 3. Chem .
Phys. 61, 461 (1974).

5. A. Kalder, W. Braun and M. J. Kurylo, 3. Chem. Phys. 61, 2496
( 1974).

6. M. 3. Kurylo, W. Braun , C. N. Z aun and A. Kalder , 3. Chem.
Phys. 62 , 2065 (1975).

j 7. J. C. Polyany i, Faraday Discussions Chem. Soc. 55, 389 (1973).

8. R. F. Heidner , III and J. V. V. Kasper , Chem. Phys. Left. 15 ,
179 (1972).

9. G. C. Light, personal communication.

10. See reference l6a for the functional fo rm of the LEPS surface ,
• also see reference 24 for a discussion and refe rences concerning

this function.

11. I. M. Campbell and B. A. Thrush, Trans. Faraday Soc. 64, 1265
( 1968).

12. R. N. Dubinaky and D. J. McKenney, Can. 3. Chern. 53, 3531
(1975).

13. D. L. Baulch , D. D. Drysdale , D. G. Hom e and A. C. Lloyd,
“Evaluated Kinetic Data for High Temperature Reactions,
Volume 1, Homogeneous Gas Phase Reactions of the H2 -02 Sys-
tems, ” (Butterworth s, London, 1972). 

$

14. CLASTR was written by J. T. Mucke rman and obtained from the
Quantum Chemistry Program Exchange. This program is based
on the theoretical analysis of Karplus , Porte r and Shamma 15 with
additional details given by Muckerman.16

15. M. Karplus , R. N. Porte r and R. D. Sharma , J. Chem. Phys.
43, 3259 (1965).

-25-

f ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~
-

___________________ ~!--~~~1~~~ L - ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -—‘-



- -~$-- - -•~—•• $ -—----- $-—~~~~ -

16. (a) J. T. Muckerman, 3. Chem. Phys. 54, 1155 (1971);
(b) ibid. 56, 2997 ( 1972);
(c) ibid. ~7, 3388 (1972).

17. The procedure we followed was suggested in unpublished class
note s (1972) by R. N. Porter. For somewhat similar procedures
see also L. M. Raff, D. L. Thompson, L. B. Sims and R. N.
Porter, J. Chem. Phys. 56, 5998 (1972); R. N. Porter, L. B.
Sims, D. L. Thompson ai~~ L. M. Raff , ibid. 58, 2855 (1973);
R. N. Porter , D. L. Thompson , L. M. Raff and J. M. White ,
ibid. 62 , 2429 (1975).

18. D. G. Truhlar, 3. Chem. Phys. 56, 3189 (1972).

19. 3. T. Muckerman and M. D. Newton , 3. Chein. Phys. 56, 319 1
(1972).

20. A. A. Westenberg and N. de Haas , 3. Chem . Phys. 47 , 4241
(1967).

21. D. G. T ruhiar and 3. W. Duff , Chein. Phys. Lett . 36 , 551 (1975).

22. 3. M. Bowman and S. C. Leasure , “An Improved Quasicaissical
Histogram Method, ” preprint.

23. G. L. Schott, R. W. Getz inger and W. A. Seitz , Inter. J. of
Chem. Kinetics 9, 921 (1974).

24. P. F. Kuntz , E. M. Nemeth, 3. C. Polanyi , S. D. Rosne r and
C. E. Young, 3. Chem. Phys. 44 , 1168 (1966).

25. 3. C. Polanyl and W. H. Wong , J. Chem. Phys. 51 , 1439 (1969).

26. B. A. Hodgson and 3. C. Polanyi, J. Chem. Phya . 55, 4745 (1971).

27. D. S. Perry, 3. C. Polany i and C. Woodrow Wilson , Jr. , Chein.
Phys. 3, 317 (1974).

28. N. W. Winter , unpublished results.

I

I
-. 26-



- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - - 

$ $  — — 

-~ --$----•.

4

1-
THE IVA N A. GETTiNG LABORATORIES

The Laboratory Operation. of The Aerospace Corporation is conducting

experimental and theoret ical investigation , necessary for the evaluation and

appl ication of scientif i c advances to new military concepts and system ! . Ver-

sati lity and flexibility b*ve been developed to a high degree by the labo ratory

personnel in dealing with the many problem s encounte red in the natio n s rapidly

developing space and missile systems. Experti se in the late8t scie~ t ific devel-

opment s is vital to the accomp lishment of tasks related to these prob lem. . The

labo r atories that cont ribut e to this research are:

Aerophys ics Laboratory: Lau nch and reentry aerodyn amics , heat trans -
fer , reentry physics , chemical kinetics , structural mechanic s , flight dynamic s.
atmo spheric pollution , and high-power gas laser 8.

Chemistry and Physics Laboratp~ y: Atmospheric reactions and atm os-
pheric opt ics, chemical reactions in polluted atmospheres , chemical reactions
of excited species in rocket plume ., chemi cal thermod ynamics , plasma and
laier- indnced reactions , laser chemistry, prop ulsion chemistry, space vacuum
and radiation effects on materials , lubrication and surface phenomena, photo-
sensitive materials and sensors , high precision laser ranging, and the appli-
catio n of ph ysics and chemistry to problems of law enforcement and biomedicine.

Electronic. Research Laborator y : Electromagn etic theory, devices , and
propaga tion phenomena . Including plasma electromag netics; quantum electronics ,
lasers , and electro-opt ics; commun ication science. , applied electronics , semi -
conducting, superconducti ng, and crystal device physics , opti cal and acoustical
imaging ; atmo spheri c pollution; millimete r wave and far-infrared technol ogy.

M*teri a ls Sciences Laboratory : Development of new materials; metal
matrix composites and new forms of carbo n; test and evaluation of grap hite
and ceramics in reentry; spacecraft materials and electronic compon ents in
nuclear weapon s environment; applic at ion of fract ure mechanics to stre ss cor-
ro SiOn and fatigue -induced frac tur es in struc tural metals.

Space Sciences Laborato ry: Atmospheric and ionospheric physics , radia-
tion from the a tmosphere . density and composition of the atmosphere. auro r ae
and alrg low; magnetospher ic ph ysics . coimic ray . , generation and prop ag atio n
of plasma waves in the magnetosp here; solar physics , studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions ,
magnetic storms, and solar activity on the earth’ s atmosphere , ionosphe r~~. and
magnetosphere; the effects of optical, electromagnetic , and particulate radia-
tions in space on space systems.
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